CD34 is one of the best characterized human hematopoietic stem cell antigens defined to date. It is expressed on 1 % to 4% of normal bone marrow cells, including colony forming units of all lineages and their precursors. CD34 expression is lost during hematopoietic development and is not found on mature peripheral blood cells. The control of CD34 expression was studied in the myeloblast cell line KG-1 as a model for the regulation of stem cell genes. CD34 mRNA was expressed at high levels in uninduced KG-1 cells. Upon induction of the cells towards macrophages with tetradecanoylphorbol-13-acetate (TPA) and ionomycin. steady state levels of CD34 mRNA decreased rapidly.
Nuclear run-on assays did not show a significant change in the rate of CD34 transcription upon induction. The half-life of CD34 mRNA was 4.5 hours in uninduced KG-1 cells and 2.25 hours in induced cells, demonstrating the involvement of post-transcriptional mechanisms in CD34 downregulation. Cycloheximide had no effect on the downregulation of CD34, suggesting that labile proteins are not required for this process. This model should allow the study of some of the regulatory mechanisms controlling early events in hematopoiesis. 0 1990 by The American Society of Hematology. expresses CD34.3 Treatment of KG-1 cells with 12-0-tetradecanoylphorbol-13-acetate (TPA)I7 or TPA and the C a + + ionophore ionomycin'8 induces their differentiation into macrophage-like cells. The absence of CD34 on peripheral blood monocytes and tissue macrophages suggested that the induction of differentiation of KG-1 cells would result in downregulation of CD34. In this article, we demonstrate that levels of CD34 mRNA decrease upon induction of KG-1 cells toward macrophages via post-transcriptional mechanisms.
MATERIALS AND METHODS

KG-1 cells (ATCC CCL
) were grown at 37OC in Iscove's Modified Dulbecco's Medium (IMDM; GIBCO, Grand Island, NY) supplemented with 10% fetal calf serum (Hyclone, Logan, UT) and 2 mmol/L glutamine (GIBCO). Cells were maintained at 2 x 10' to 106/mL.
Cells were induced at a concentration of 5 x 10S/mL by the addition of lO-'mol/L TPA (Sigma, St Louis, MO) and 1.6 pg/mL ionomycin (Calbiochem, San Diego, CA) for the times indicated. These concentrations were later changed to lo-* mol/L TPA and 0.16 pg/mL ionomycin as indicated. The extent of differentiation was assessed by Wright-Giemsa staining of the cells. For message stability experiments, 10 pg/mL actinomycin D (Pharmacia, Uppsala, Sweden) was added for the indicated times to uninduced cells and to KG-I cells previously induced with either mol/L TPA for 24 hours or lo-' mol/L TPA and 0.16 pglmL ionomycin for 3 hours. When indicated, cycloheximide was added at 2300 SATTERTHWAITE, BORSON, AND TENEN 10 pg/mL, a concentration that inhibits protein synthesis 85% to 90% in KG-1 cells (data not shown).
Total RNA was isolated from uninduced and induced cells by the guanidium isothiocyanate method.19 RNA (10 pg total per sample) was run on an agarose formaldehyde gel and transferred to nylon membranes (ICN. Costa Mesa, CA) in 20x standard sodium citrate (SSC). Visual inspection of ethidium bromide-stained ribosomal bands was used to ensure equal loading of RNA in each lane. Blots were probed with either a 1.5 kb Xba I CD34 cDNA fragment (Simmons and Seed, personal communication, February 1990) or a 2.7 kb BamHI/ Cla I CD18 cDNA fragment2' labeled with '*P by the hexanucleotide random priming m e t h d 2 ' The blots were hybridized at 42OC in 50% formamide, 5x Denhardt's, 0.5% sodium dodecyl sulfate (SDS), 5 x SSC, and 100 pg/mL denatured salmon sperm DNA and washed at 50°C in 0.1 x SSC, 0.1 5% SDS.
Nuclear run-ons were done using slight modifications of previously described techniques.22 23 Uninduced or induced (lo-* mol/L TPA and 0.16 pg/mL ionomycin, 24 hours) KG-1 cells (3 x IO-*) were harvested by spinning at 200g. washed twice in phosphate-buffered saline (PBS), and lysed in modified reticulocyte standard buffer (10 mmol/L Tris HCI, pH 7.4; 2 mmol/L MgCI,; 10 mmol/L NaCI; 0.05% NP-40) on ice for 5 minutes. The lysed cells were spun for 5 minutes at 50g, and the nuclei were resuspended in 100 pL 40% glycerol, 5 mmol/L MgCI,, 50 mmol/L Tris, pH 8. Duplicate DNA slot blots were prepared as follows: DNA samples used included the plasmid CDM724; a 1.5 kb Xba I fragment of human 0 3 4 cDNA containing the complete coding region in the vector CDM7 (provided by David Simmons and Brian Seed); a 3.1 kb Sph I/Xba I fragment containing the full length CD18 cDNA in pUC182"'5; a I .6 kb Eco RI/Cla I fragment of human c-myc exon 3 in pSP65"; and a 2 kb Pst I fragment of the chicken actin cDNA in pBR322." Uncut plasmid DNA (5 pg) was denatured in 0.3 mol/L NaOH for 1 hour at 65OC and then neutralized with 2 mol/L NH,OAc. The DNA was filtered through a slot-blot apparatus (Minifold 11) onto nitrocellulose (Schleicher and Schuell, Keene, NH). Filters were baked for 2 hours at 80nC under vacuum and prehybridized overnight at 65OC in 10 mmol/L TES, 0.33 mol/L NaCI, 10 mmol/L EDTA, 0.2% SDS, 50 pg/mL tRNA, SO pg/mL salmon sperm DNA, 0.05% sodium pyrophosphate, and 2x Denhardt's. Equal numbers of ethanol-precipitable counts transcribed from the uninduced and induced nuclei were hybridized to duplicate filters for 48 hours at 65OC in 10 mmol/L TES pH 7.4, 0.33 mol/L NaCI, IO mmol/L EDTA, and 0.2% SDS. Filters were washed in 0 . 2~ SSC, 0.1% SDS for 30 minutes at 6OOC. Autoradiograms were quantitated on an LKB Ultrascan I1 Densitometer (Uppsala, Sweden); background hybridization to the plasmid CDM7 was subtracted from all other values.
RNA preparation and Northern analysis.
Nuclear run-on transcription assays.
Fluorescence activated cell sorting analysis. Uninduced and induced KG-1 cells (lo-' mol/L TPA, 1.6 pg/mL ionomycin) were harvested and washed with PBS containing 5% human AB serum (Hyclone). The cells were incubated for 30 minutes on ice with monoclonal antibodies (MoAbs) to CD34 (My 10, Becton-Dickinson, Mountain View, CA, and BI-3CS3) or to interferon gamma, an irrelevant IgG MoAb provided by Jim Griffin as a negative control. The cells were washed and then incubated for 30 minutes on ice with fluorescein isothiocyanate (F1TC)-conjugated goat anti-mouse IgG and IgM (Tago, Burlingame, CA). The cells were then fixed in PBS with 1% formaldehyde and analyzed by flow cytometry on an EPICS Profile Analyzer (Coulter, Hialeah, FL). 
RESULTS
Changes
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Hrs: 0 24 48 as the plasmid CDM7 as a control for nonspecific hybridization (see Materials and Methods). In two independent experiments. the rate of CD34 transcription did not change from its uninduced level (Fig 3) . In contrast. transcription of the c-myc gene consistently decreased twofold upon induction (Fig 3) . as expected from previous studies in other cell types.*' The rate of transcription of actin reproducibly increased 3.5-fold in induced KG-I cells (Fig 3) to a variable degree. upon induction (Fig 3) . The latter result is also Seen when HL-60 cells are induced to differentiate towards macrophages with TPAz9 or towards granulocytes with retinoic acid.'"
The observation that the rate of transcription of CD34 does not change with induction of KG-I cells suggested a role for post-transcriptional events in the downregulation of steady state levels of CD34 mRNA. The half-life of CD34 mRNA was measured in uninduced and induced KG-I cells using the transcriptional inhibitor actinomycin D. Uninduced cells or cells treated with either mol/L TPA for 24 hours (Fig 4) The downregulation of CD34 mRNA appears not to be mediated at the level of transcription. Rather, a twofold decrease in the stability of the mRNA is observed upon induction. Although this does not appear to account for the entire IO-fold decrease in CD34 mRNA levels, it may be only a minimum estimate of the change in CD34 mRNA half-life. Actinomycin D was added to TPA-treated KG-I cells before maximal induction was reached so that it would be possible to detect enough CD34 mRNA to measure a decay rate. It is possible that the decrease in CD34 mRNA stability is greater in fully differentiated KG-I cells. Protein synthesis was not required for downregulation of CD34 as demonstrated by the inability of cycloheximide to 
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inhibit this process. This suggests that a post-translational modification of a pre-existing protein might occur upon induction, leading to destabilization of CD34 mRNA. The modified polypeptide could be an RNase that is activated upon induction or a stabilization factor that is inhibited.
A number of systems in which post-transcriptional events play a major role in regulating gene expression have been described. Many cytokines and proto-oncogenes have intrinsically unstable transcripts that are stabilized by treatment with TPA, serum, or cycloheximide. This instability is conferred by AU-rich regions in the 3' untranslated portion of these mRNAs." Stem-loops are another 3' structure implicated in regulation of eukaryotic mRNA stability. They are required to confer regulation of the stability of histone32 and human transferrin receptor33 mRNAs by DNA synthesis and iron, respectively. Ongoing protein synthesis is required for destabilization of both these mRNAs. In other systems, translation of the mRNA itself is required for regulation of its stability. Destabilization of tubulin mRNA by free tubulin subunits requires association of mature subunits with the nascent tubulin p~l y p e p t i d e .~~
In other cases, translation appears to stabilize transcript^.^^ CD34 mRNA, which is destabilized in KG-1 cells by TPA in the presence of protein synthesis inhibitors, does not appear to be regulated by any of the mechanisms described here, all of which require ongoing protein synthesis. Furthermore, although the entire CD34 3' untranslated region has not been cloned, the AUUUA destabilizing motif found in cytokines and proto-oncogenes3' is not present in the known sequence. An analysis of the secondary structure of the CD34 3' untranslated region in search of potential stem-loops cannot be done until the entire sequence is obtained. We are currently attempting to isolate the CD34 5' and 3' untranslated regions.
Since the observed decrease in CD34 mRNA half-life may not account for the entire downregulation of CD34, other post-transcriptional regulatory mechanisms may also be involved. In a number of cases, post-transcriptional regulation also occurs in the nucleus. Expression of many human retroviral genes is regulated a t the level of s p l i~i n g~~.~' or transport of mRNA to the ~ytoplasm.~' The large decrease in the steady state level of myeloperoxidase mRNA in DMSOtreated HL-60 cells cannot be accounted for by changes in transcription of the gene nor destabilization of the mRNA, suggesting nuclear post-transcriptional reg~lation.~' Nuclear precursor RNAs have been difficult to detect when probing total R N A with c D N A .~~.~' Northern analysis of nuclear versus cytoplasmic R N A with both cDNA and genomic CD34 probes may demonstrate the existence of abnormally spliced or localized CD34 transcripts in induced KG-1 cells.
It is possible that the CD34 downregulation seen here is strictly a cell line specific or TPA/ionomycin-specific response rather than a normal, differentiation stage-specific regulation of expression. This issue is difficult to address as it appears that KG-1 cells do not respond well to any other inducing agents:' and to our knowledge there are no other inducible lines that express CD34. It is impractical to isolate sufficient CD34+ bone marrow cells to perform the types of experiments described here, although levels of CD34 message could potentially be measured in progenitor cells at various stages of development using quantitative polymerase chain reaction.
Assuming that post-transcriptional downregulation is a differentiation stage-specific event, it would be interesting to investigate whether this mechanism is involved in regulating the tissue specificity of CD34 expression as well. Is CD34 transcribed in a variety of cell types but only stabilized in hematopoietic stem cells and vascular endothelium, or is there a level of transcriptional regulation as well? Tiiese experiments could be easily performed using cell lines of various tissue types and might elucidate differences between mechanisms controlling lineage and stage-specific gene expression. 
